Telomeres As Nucleoprotein Structures
=====================================

Telomeres are nucleoprotein structures at the ends of eukaryotic chromosomes that protect linear chromosomes against damage by endogenous nucleases and erroneous recognition as unrepaired chromosomal breaks. It is now known that telomeric structures are formed by telomeric DNA, histone octamers, and a number of proteins that bind telomeric DNA, either directly or indirectly, and together, form the protein telomere cap ([@B56]; [@B40]; [@B12]; [@B172]). The telomeric cap proteins of diverse organisms are less conserved than one might expect. Even within a single taxonomic class, such as mammals, telomeric proteins display less conservation than other chromosomal proteins ([@B122]). On the other hand, in many plant families, whole-genome duplication events have occurred, resulting in a multitude of genomic changes, such as deletions of large fragments of chromosomes, silencing of duplicate genes, and recombining of homologous chromosomal segments, as was shown, e.g., in crucifer species ([@B127]). Polyploidy can result in increased numbers of genes of the same family ([@B193]; [@B82]; [@B63]), which may show sub-functionalization, neo-functionalization, and partial or full redundancy and complicates assignment of an actual and specific function for individual proteins *in vivo*. Gene duplications and losses in plant phylogeny can be traced also in telomere associated protein families (e.g., in *Arabidopsis thaliana*: single myb histone (SMH) family, TRF-like (TRFL) family, or Pot1-like family) ([@B140]; [@B10]).

In land plants, the telomere is mostly composed of *Arabidopsis*-type TTTAGGG repeats ([@B158]; **Figure [1A](#F1){ref-type="fig"}**). Known exceptions are species in the order Asparagales, starting from divergence of the Iridaceae family, which shares the human-type telomeric repeat (TTAGGG; probably caused by a mutation that altered the RNA template subunit of telomerase ∼80 Mya; [@B1]; [@B210]; [@B189]). The human-type telomere is also shared by species of the Allioideae subfamily, except for the *Allium* genus ([@B188]), where novel telomeric sequence (CTCGGTTATGGG) was recently described ([@B57]). An unusual telomeric motif (TTTTTTAGGG) was found in the family Solanaceae, in *Cestrum elegans* and related species ([@B144]). Also some of the species from the carnivorous genus *Genlisea* display, instead normal *Arabidopsis*-type of telomere, two intermingled sequence variants (TTCAGG and TTTCAGG; [@B198]).

![**Summary of current knowledge on telomere DNA diversity in land plants (A) and green algae (B).** The prevalent plant telomeric sequence motif TTTAGGG was first described in *A. thaliana* ([@B158]). Divergent telomeric sequences have been observed in Asparagales ([@B189]), in *Cestrum* spp. ([@B144]), in *Genlisea* ([@B198]), or in *Allium* ([@B57]). While *Arabidopsis*-type telomeric sequence is dominant in "green lineages" of algae Chlorophyta and Streptophyta, this ancestral motif was replaced several times with a novel motifs (reviewed in [@B68]). (The relationships between families and genera are adapted from the schematic phylogenetic tree presented in [@B68] and [@B57].)](fpls-07-00851-g001){#F1}

Moreover, across the Plantae kingdom, outside of land plants but including red algae, green algae, and Glaucophytes ([@B104]), telomere types also vary (**Figure [1B](#F1){ref-type="fig"}**). For example, in algae, in addition to the *Arabidopsis*-type of telomeric repeat, the *Chlamydomonas*-type (TTTTAGGG), human-type (TTAGGG), and a novel TTTTAGG repeat have been described ([@B67]; [@B68]).

The length of plant telomeric DNA at a single chromosomal arm can be as small as 500 base pairs (bp) in *Physcomitrella patens* ([@B174]; [@B61]), as long as 160 kb in *Nicotiana tabacum* ([@B54]), or 200 kb in *Nicotiana sylvestris* ([@B105]). Besides the remarkable variation in telomere lengths among diverse plant genera or orders, telomere lengths can also vary at the level of the species or ecotypes: e.g., *Arabidopsis* telomeres range from 1.5 to 9 kb, depending on the ecotype. Also in the long-living organism *Betula pendula*, telomeres in different genotypes varied from a minimum length of 5.9--9.6 kb to a maximum length of 15.3--22.8 kb ([@B176]; [@B125]; [@B6]).

Since telomeric DNA serves as a landing pad for a set of proteins, the total length or composition of telomeric tracts could markedly affect the number or selection of telomere-associated proteins and subsequently influence telomere packaging, structural transitions, or launch various biochemical pathways (see below).

Nuclear Localization and Dynamics of Telomeres
==============================================

In some species during interphase, telomeres, and centromeres could be located at opposite sides of the nucleus, at the nuclear periphery, in limited regions or clusters; this is known as the Rabl organization ([@B153]; for review, see [@B37]). The Rabl organization ([@B212]) was observed in wheat, rye, barley, and oats. Other plant species, such as maize (*Zea mays*) and sorghum (*Sorghum bicolor*), despite having fairly large genomes, are not known to exhibit the Rabl configuration ([@B48]). A recent study among *Brachypodium* species revealed a positive correlation between Rabl configuration and an increase in DNA content (resulting from replication) and a negative influence of increasing nuclear elongation ([@B93]). A rosette-like organization of chromosomes in interphase nuclei was observed in *Arabidopsis*: telomeres show persistent clustering at the nucleolus while centromeres do not cluster ([@B5]; [@B194]). Moreover, during early meiotic prophase, at the leptotene--zygotene transition, telomeres of most plant species cluster to form a bouquet ([@B7]; [@B131]; [@B38]; [@B35]; [@B84]; [@B147]). *Arabidopsis* belongs to a small group of species that do not form telomeric bouquets ([@B5]).

Chromatin attachment to the inner nuclear membrane in plants, as well as in other species, is mediated by a well conserved multi-protein complex gathered around SUN (Sad1-UNC-84 homology)-KASH (Klarsicht, ANC-1, and Syne homology) proteins \[respectively AtSUN-AtSINE (SUN domain-interacting NE proteins) in *A. thaliana*; [@B182]; [@B226]; [@B190]\]. In fission and budding yeasts, interactions during meiosis between telomeres and the nuclear envelope, via interactions between SUN domain proteins and telomere-binding proteins, was described: in *Saccharomyces cerevisiae* SUN-domain protein yMps3 (monopolar spindle protein 3) is needed for yKu80-mediated telomeric chromatin anchoring ([@B166]), while in *Schizosaccharomyces pombe*, interactions between telomeric protein pRap1 (repressor activator protein 1) and pSUN proteins are mediated by pBqt1 and pBqt2 (telomere bouquet protein 1 and 2; [@B30]). The tethering of human telomeres to the nuclear matrix was proposed to depend on an isoform of telomere repeat binding factor 1 (TRF1) interacting partner (hTIN2), named hTIN2L ([@B95]), or an A-type lamin ([@B143]; for review, see [@B72]). Various homologs of SUN domain proteins were identified in *Arabidopsis* or in maize. In *Arabidopsis*, they are also localized to the inner nuclear membrane in somatic cells ([@B76]; [@B190]), however, homologs of Bqt proteins or TIN2 proteins have not been found in plants and their sequences are poorly conserved.

Telomeres are processed by a telomere-specific machinery that includes telomerase and its regulatory units, as well as nucleases, as exemplified by the exonuclease 1 (AtEXO1) ortholog in *Arabidopsis* ([@B100]; [@B44]). In plants, as well as in most of other kingdoms, replication of chromosomal ends results in single-stranded 3′ DNA protrusions (G-overhangs) after degradation of the last RNA primer at the 5′ terminus of a nascent strand. In *Silene latifolia* or *A. thaliana*, relatively short (20--30 nucleotides) G-overhangs were detected. Moreover, half of the Silene and *Arabidopsis* telomeres showed no overhangs or overhangs less than 12 nucleotides in length ([@B160]; [@B100]). These G-overhangs are also thought to be required for chromosome end protection by forming secondary DNA structures such as t-loops (reviewed in [@B197]). Although formation of t-loop structures was demonstrated among plants only in the garden pea (*Pisum sativum*; [@B22]), it is believed that excision from a t-loop in *Arabidopsis* may result in t-circle formation and in telomere rapid deletion ([@B208]). In tobacco cell culture, knockdown of one of three human hnRNP homologs, named NgGTBP1 (G-strand specific single-stranded telomere-binding protein 1), led to frequent formation of extrachromosomal t-circles, inhibition of single-stranded invasion into double-stranded telomeric DNA and the loss of protection of telomeres against inter-telomeric recombination ([@B117], [@B118]).

As well as in humans, mouse, or *Caenorhabditis* ([@B199]; [@B202]), the regulator of telomere elongation helicase 1 (AtRTEL1) plays a putative role in *Arabidopsis* in the destabilization of DNA loop structures such as t-loops or d-loops ([@B154]). However, a substantial portion of telomeres in *Arabidopsis* does not apparently undergo nucleolytic resection, and 3′ ends produced by leading-strand replication remain blunt-ended ([@B160]). It is believed that blunt-ends in *Arabidopsis* are specifically recognized and protected by the AtKu70/80 heterodimer although *in situ* localization of Ku to telomeres remains elusive ([@B100]).

Proteins Associated with Telomeric DNA
======================================

Telomere-associated proteins can regulate lengths of telomere tracts by modulating access of telomerase or affecting conventional DNA replication machinery. In mammals, telomeric DNA associates with a six-protein complex called shelterin. The specific telomeric dsDNA binding is mediated by TRF1 and TRF2 ([@B17]; [@B36]), through their Myb-like domain with an LKDKWRT amino acid motif that is also conserved in other telobox binding proteins, not only in mammals but also in plants ([@B13]; [@B58]). A bridge between proteins directly associated with DNA---TRF1, TRF2, and ssDNA binding protein Pot1 (Protection of telomeres 1)---is mediated by TIN2 and the oligosaccharide/oligonucleotide binding (OB)-fold domain of TPP1 (TINT1, PTOP, PIP1) protein (for review see [@B165]; [@B112]). Moreover, protein Rap1, the last component of shelterin, interacts with TRF2 ([@B4]) and modulates its recruitment to telomeric DNA ([@B94]). A schematic model of mammalian telomere-associated proteins (**Figure [2A](#F2){ref-type="fig"}**) and a proposed model of the telomeric complex in *A. thaliana* (**Figure [2B](#F2){ref-type="fig"}**) summarizes recent knowledge in mammalian and plant telomere biology and provides a clear comparison of conserved structures at chromosome termini. In addition, a general overview of telomere-associated proteins that have been described in plants is given in **Table [1](#T1){ref-type="table"}**. Detailed description of telomeric and putative telomeric dsDNA and ssDNA binding proteins from *A. thaliana* is shown in **Table [2](#T2){ref-type="table"}**.

![**Nucleoprotein complexes associated with mammalian and *A. thaliana* telomeres. (A)** Mammalian shelterin proteins (TRF1/2, Rap1, TIN2, TPP, and Pot1) modulate access to the telomerase complex and the ATR/ATM dependent DNA damage response pathway. The CST complex (CTC1--STN1--TEN1) affects telomerase and DNA polymerase α recruitment to the chromosomal termini, and thus coordinates G-overhang extension by telomerase with fill-in synthesis of the complementary C-strand (blue dashed line; figure adopted from [@B28]). **(B)** *Arabidopsis* TRB1, 2 and 3 interact with the telomeric sequence due to the same Myb-like binding domain as mammalian TRF1/2 ([@B129]; [@B108]; [@B167]). TRB proteins interact with TERT and Pot1b and when localized at chromosomal ends they are eligible to function as components of the plant shelterin complex, mainly at telomeres with a G-overhang ([@B168], [@B169]). An evolutionary conserved CST complex is suggested to coordinate the unique requirements for efficient replication of telomeric DNA in plants as well as in other organisms ([@B44]). Blunt-ended telomeres are specifically recognized and protected by the KU70/80 heterodimer that directly interacts with TRP1, and by extension, with TERT ([@B108]; [@B100]; [@B169]).](fpls-07-00851-g002){#F2}

###### 

A general overview of telomere/telomerase associated proteins described in plants.

                                                                                                                          *A. thaliana*                                         *O. sativa*                                   *Z. mays*                             *N. glutinosa/N. tabacum/N. sylvestris*   *H. vulgare*       *S. lycopersicum/S. tuberosum*   *C. parqui*        *P. crispum*
  ------------------------------------------------------------------ ---------------------------------------------------- ----------------------------------------------------- --------------------------------------------- ------------------------------------- ----------------------------------------- ------------------ -------------------------------- ------------------ ------------------
  **Telomeric dsDNA-associated proteins**                                                                                                                                                                                                                                                                                                                                            
  Myb-like proteins                                                  Myb-like domain at the N-terminus (SMH family)       AtTRB1-3 ([@B167])                                    OsTRBF1-3 ([@B20]; [@B81])                    ZmSMHs ([@B129])                                                                                                                                       PcMYB1 ([@B58])
                                                                                                                                                                                                                                                                                                                                                                                     
                                                                     Myb-like domain at the C-terminus (TRFL-family)      AtTBP1 ([@B91]) AtTRP1 ([@B26]) AtTRFL2-10 ([@B98])   OsRTBP1 ([@B220])                             ZmIBP1 ([@B123]) ZmIBP2 ([@B134])     NgTRF1 ([@B216])                                             LeTBP1 ([@B135])                 CpTBP1 ([@B145])   PcBPF-1 ([@B39])
                                                                                                                                                                                                                                                                                                                                                                                     
                                                                     Myb-like domain at the C-terminus (AID family)                                                             OsAID1 ([@B228]; [@B81])                      ZmTacs1 ([@B128])                                                                                                                                      
                                                                                                                                                                                                                                                                                                                                                                                     
  CST complex                                                                                                             AtStn1 ([@B181]) AtTEN1 ([@B119]) AtCTC1 ([@B184])                                                                                                                                                                                                         
                                                                                                                                                                                                                                                                                                                                                                                     
  **Telomeric ssDNA-associated proteins**                                                                                                                                                                                                                                                                                                                                            
  OB-fold                                                            Pot-like                                             AtPot1a-c ([@B108]; [@B192]; [@B162])                                                               ZmPot1a ([@B175]) ZmPot1b ([@B175])                                             HvPot1 ([@B175])   StPot1 ([@B175])                 CpPot1 ([@B146])   
                                                                                                                                                                                                                                                                                                                                                                                     
  Non-OB fold                                                        WHY                                                  AtWhy1 ([@B219])                                                                                                                                                                    HvWhy1 ([@B74])                                                        
                                                                                                                                                                                                                                                                                                                                                                                     
                                                                     RRM-motif                                            AtSTEP1 ([@B109])                                     Os08g0492100 ([@B81]) Os08g0320100 ([@B81])                                         NtGTBP1-3 ([@B85]; [@B117])                                                                                      
                                                                                                                                                                                                                                                                                                                                                                                     
  **Telomerase associated**                                                                                                                                                                                                                                                                                                                                                          
                                                                                                                                                                                                                                                                                                                                                                                     
  TERT subunit                                                                                                            AtTERT ([@B53])                                       OsTERT ([@B141])                              ZmTERT (Sykorova et al., 2009)        NtTERT, NsTERT ([@B187])                                                                                         
                                                                                                                                                                                                                                                                                                                                                                                     
  TERT/TR associated proteins                                        Myb-like domain at the N-terminus (SMH family)       AtTRB1-3 ([@B169])                                                                                                                                                                                                                                         
                                                                                                                                                                                                                                                                                                                                                                                     
                                                                     Myb-like domain at the C-terminus (TRFL family)      AtTRP1 ([@B169])                                                                                                                                                                                                                                           
                                                                                                                                                                                                                                                                                                                                                                                     
                                                                     Dyskerin-like                                        AtCBF5 ([@B121])                                                                                                                                                                                                                                           
                                                                                                                                                                                                                                                                                                                                                                                     
                                                                     Pot-like                                             AtPot1a ([@B162])                                                                                                                                                                                                                                          
                                                                                                                                                                                                                                                                                                                                                                                     
                                                                     RRM-motif                                            AtRRM ([@B114])                                                                                                                                                                                                                                            
                                                                                                                                                                                                                                                                                                                                                                                     
                                                                     ARM-motif                                            AtARM ([@B114])                                                                                                                                                                                                                                            
                                                                                                                                                                                                                                                                                                                                                                                     
                                                                     RNA-binding                                          AtG2p ([@B47])                                                                                                                                                                                                                                             
                                                                                                                                                                                                                                                                                                                                                                                     
                                                                     Metallothionein-like                                 AtMT2A ([@B47])                                                                                                                                                                                                                                            
                                                                                                                                                                                                                                                                                                                                                                                     
  **DNA processing and repair-associated proteins at telomerases**                                                                                                                                                                                                                                                                                                                   
                                                                                                                                                                                                                                                                                                                                                                                     
  Helicase                                                           AtRTEL1 ([@B154])                                                                                                                                                                                                                                                                                               
                                                                                                                                                                                                                                                                                                                                                                                     
  Exonuclease                                                        EXO1 ([@B100])                                                                                                                                                                                                                                                                                                  
                                                                                                                                                                                                                                                                                                                                                                                     
  Ku                                                                 AtKu70/80 ([@B19]; [@B161])                          OsKu70 ([@B88])                                                                                                                                                                                                                                            
                                                                                                                                                                                                                                                                                                                                                                                     
  PI3 kinase                                                         AtATM ([@B2]) AtATR ([@B2])                                                                                                                                                                                                                                                                                     
                                                                                                                                                                                                                                                                                                                                                                                     
  MRN Complex                                                        AtRad50 ([@B70]) AtMre11 ([@B18]) AtNbs1 ([@B138])                                                                                                                                                                                                                                                              
                                                                                                                                                                                                                                                                                                                                                                                     
  Ku-independent EJ pathway                                          AtRad1 ([@B201]) AtERCC1 ([@B201]) AtXRCC1 ([@B3])                                                                                                                                                                                                                                                              
                                                                                                                                                                                                                                                                                                                                                                                     
  Backup-NHEJ KU-independent pathway                                 AtPARP1, 2 ([@B15])                                                                                                                                                                                                                                                                                             

Proteins that were proven as telomeric DNA- or telomerase-associated proteins are listed above. Their homologues involved in non-telomeric processes, while their associations with telomeres or telomerase have not been observed, are shown in green. Single Myb Histone family (SMH); TRF-like (TRFL-family); Anther Indehiscence family (AID-family); Cdc13/CTC1-Stn1-Ten1 (CST); Oligonucleotide/Oligosaccharide Binding fold (OB-fold); proteins without Oligonucleotide/Oligosaccharide Binding fold (non-OB-fold); Protection of telomeres -- like (Pot-like); Whirly (WHY); RNA Recognition Motifs (RRM-motif); Telomerase Reverse Transcriptase (TERT); Telomerase RNA template (TR); Armadillo/β-catenin-like Repeat-containing protein (ARM); Phosphoinositide 3-kinase (PI3 kinase); Mre11/Rad50/Nbs1 (MRN); End-joining (EJ); Non-homologous end-joining (NHEJ).

Arabidopsis thaliana

(At):

Telomeric Repeat Binding 1-3 (AtTRB1-3); Telomere Binding Protein 1 (AtTBP1); Telomere Repeat binding Factor 1 (AtTRF1); TRF-like 2-10 (AtTRFL2-10); Suppressor of cdc thirteen homolog (AtStn1); Telomeric pathways in association with Stn1(AtTen); Conserved telomere maintenance component 1 (AtCTC1); Protection of telomeres 1a, b, c (AtPot1a, b, c); Whirly 1 (AtWhy1); Single-stranded Telomere-binding Protein 1 (AtSTEP1); Telomerase Reverse Transcriptase (AtTERT); Cajal Bodies Factor 5 (AtCBF5); RNA Recognition Motifs (AtRRM); Armadillo/β-catenin-like Repeat-containing protein (AtARM); Gene 2 (AtG2p); Metallothionein-like 2A (AtMT2A); Regulator of Telomere Elongation Helicase 1 (AtRTEL1); Exonuclease 1 (AtEXO1); Ataxia telangiectasia mutated kinase (AtARM); ATM- and RAD3-related kinases (AtATR); DNA repair protein 50 (AtRad50); Meiotic recombination 11 (AtMre11); DNA repair protein 1 (AtRad1); Excision repair cross-complementation 1 (AtERCC1); X-ray repair cross-complementing 1 (XRCC1); Nijmegen breakage syndrome 1 (AtNbs1); Poly(ADP-Ribose) polymerase 1, 2 (AtPARP1, 2).

Oriza sativa

(Os):

Telomere Repeat Binding Factor 1 (OsTRBF1); Rice Telomere Binding Protein 1 (RTBP1); Anther Indehiscence 1 (OsAID1); Telomerase Reverse Transcriptase (OsTERT).

Zea mays

(Zm):

Single Myb Histone (ZmSMHs); Initiator-binding protein 1 (ZmIBP1); Initiator-binding protein 2 (ZmIBP2); Terminal acidic SANT 1 (ZmTacs1); Protection of telomeres 1a, b (ZmPot1a, b); Telomerase Reverse Transcriptase (ZmTERT).

Nicotiana glutinosa/tabacum/sylvestris

(Ng/Nt/Ns):

Telomere Repeat binding Factor 1 (NgTRF1); Telomeric ssDNA binding protein 1-3 (NtGTBP1-3); Telomerase Reverse Transcriptase (Ng/NtTERT).

Hordeum vulgare

(Hv):

Protection of telomeres 1(HvPot1); Whirly 1 (HvWhy1).

Solanum lycopersium/tuberosum

(Le/St):

Telomere Binding Protein1 (LeTBP1); Protection of telomeres 1 (StPot1).

Cestrum parqui

(Cp):

Telomere Binding Protein1 (CpTBP1); Protection of telomeres 1 (CpPot1).

Petroselinum crispum

(Pc):

Myb-like protein 1 (PcMYB1); Box P-binding Factor 1 (PcBPF-1).

###### 

Telomeric and putative telomeric dsDNA- and ssDNA-binding proteins from *Arabidopsis thaliana*.

  -----------------------------
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Telomeric dsDNA-Associated Proteins
-----------------------------------

### Myb-like Proteins

In plants, telomeric dsDNA sequence binding proteins with a Myb-like domain of a telobox (short telomeric motif) type can be classified into three main groups: (i) with a Myb-like domain at the N-terminus (SMH family), (ii) with a Myb-like domain at the C-terminus (TRFL family), and (iii) with a Myb-like domain at the C-terminus (AID family; reviewed in [@B145]; [@B49]).

The first group of proteins, with a Myb-like domain at the N-terminus, also contains a central histone-like domain with homology to the H1 globular domain found in the linker histones H1/H5, and is therefore called the SMH family ([@B129]; [@B167]). Proteins with an SMH motif are plant-specific but are well conserved throughout the plant kingdom (e.g., eudicots, monocots, moss, or red algae; [@B49]). In *A. thaliana*, there are five members of the SMH family, named telomere repeat binding (AtTRB) proteins ([@B129]; [@B167]). AtTRB1 protein specifically binds plant telomeric repeats through a Myb-like domain *in vitro* ([@B137]), co-localizes with telomeres *in situ*, and physically interacts with AtTERT (**Figure [2B](#F2){ref-type="fig"}**). Moreover shortening of telomeres was observed in *attrb1* knockout mutants ([@B169]). Also other members of this family, AtTRB2 and AtTRB3 (previously named AtTBP3 and AtTBP2, respectively; [@B167]), bind telomeric dsDNA as well as telomeric ssDNA *in vitro* as homo- or heteromultimers ([@B167]; [@B137]; [@B86]; [@B116]; [@B221]). In *Arabidopsis*, AtTRB1 protein physically interacts via its histone-like domain with AtPot1b ([@B168]), an *A. thaliana* homolog of the G-overhang binding protein Pot1, and a component of an alternative telomerase holoenzyme complex ([@B192]; [@B80]; [@B185]). Also other members of SMH family proteins in land plants show telomeric dsDNA binding capability: e.g., *Oryza sativa* OsTRBFs ([@B20]) or *Z. mays* ZmSMHs ([@B129]). In addition, proteins with Myb-like domain of a telobox type in plants, adopt distinct non-telomeric functions, e.g., PcMYB1 from *Petroselinum crispum* acts only as a transcription factor ([@B58]). Recently it was shown that AtTRB1 from *A. thaliana* was not only telomere- and telomerase-binding but was also associated, *in vivo*, with promoters, mostly with a *telo* box motif of translation machinery genes (**Figure [3](#F3){ref-type="fig"}**; [@B170]). The AtTRB1 association with *telo* box motif was then proven by [@B227]. Moreover AtTRB proteins seem to have a new role as chromatin modulators: AtTRB1 competes with LIKE HETEROCHROMATIN PROTEIN 1 (AtLHP1) to maintain downregulation of polycomb group (PcG) target genes ([@B227]) and protein AtTRB2 directly interacts with histone deacetylases, HDT4 and HDA6, *in vitro* and *in vivo* ([@B115]). Deacetylase activity of HDT4 ([@B115]) and HDA6 ([@B196]) against H3K27ac, could be important for subsequent methylations of H3K27me3, that is among others target also for AtLHP1. Taken together, two lines of evidence classify the AtTRB proteins as novel epigenetic regulators that potentially impact transcription status of thousands of genes: (i) association of AtTRB1 with *telo* box DNA motif ([@B170]; [@B227]) that is linked with PcG protein pathway ([@B43]; [@B206]; [@B227]), (ii) involvement of AtTRB proteins in control of H3K27 epigenetic modifications ([@B115]; [@B227]), that are also connected with PcG chromatin remodelers.

![**Association of shelterin proteins with extra-telomeric sequences. (A)** Mammalian telomere-binding proteins TRF1/2, TIN2, or Rap1 associate not only with terminally localized telomeric repeats but also with interstitial telomeric sequences (ITS) and satellite repeats ([@B107]; [@B132]; [@B178]; [@B214]). Mouse Rap1, together with TRF2, acts as a gene transcription regulator, including subtelomeric-gene (S-gene) silencing, and also binds to non-coding genomic regions enriched with TTAGGG repeats ([@B130]). Moreover, TRF2 regulates neuronal genes by interaction of TRF2 with repressor element 1-silencing transcription factor (REST; [@B225]). **(B)** *Arabidopsis* TRB1 protein was found not only as a component of the telomeric interactome ([@B169]), but also as a factor associated with 5′ flanking regions (mostly comprising the *telo* box) of translation machinery genes ([@B170]; [@B227]).](fpls-07-00851-g003){#F3}

The second group of proteins, with a Myb-like domain at the C-terminus, is also named TRFL. However a TRFL Myb-like domain alone is not sufficient for telomere binding and requires a more extended domain---Myb-extension (Myb-ext)---for telomeric dsDNA interactions *in vitro* ([@B98]; [@B103]). Consequently, two families of TRFL can be distinguished: TRFL family 1 with a Myb-ext, whose protein members bind telomeric dsDNA *in vitro*, and TRFL family 2 without a Myb-ext, whose protein members do not bind telomeric dsDNA specifically *in vitro* and they are usually not considered as telomeric proteins ([@B98]). The first identification of a TRFL family protein from *O. sativa*---telomere-binding protein 1 (OsRTBP1; [@B220]) was soon followed by numerous other TRFL members: e.g., *Nicotiana glutinosa* (NgTRF1; [@B216]), *Solanum lycopersicum* (LeTBP1; [@B135]), *A. thaliana* (AtTBP1, AtTRP1, AtTRFL2-10; [@B26]; [@B91]; [@B98]), *Cestrum parqui* (CpTBP; [@B145]). Even though *O. sativa* or *N. glutinosa* mutants for TRFL members exhibited markedly longer telomeres ([@B217]; [@B89]), in *A. thaliana*, a knockout of AtTRP1, member of TRFL family 1 with a Myb-ext, did not change telomere length significantly ([@B27]). Even multiple knock-out plant, deficient for all six proteins from TRFL family 1 in *A. thaliana* (AtTBP1, AtTRP1, AtTRFL1, AtTRFL2, AtTRFL4, and AtTRF9) did not exhibit changes in telomere length, or phenotypes associated with telomere dysfunction ([@B65]). Thus, although the AtTRFL proteins from *A. thaliana* specifically bind telomeric DNA *in vitro* and an interaction between AtTRP1 and AtKu70 was observed, suggesting a putative telomere function (**Figure [2B](#F2){ref-type="fig"}**; [@B108]), no functional evidence exists for their role at telomeres. Another member of this family---ZmIBP2 (initiator-binding protein) protein---binds not only telomeric repeats ([@B134]), but was originally identified as a promoter binding ligand ([@B123]). Moreover, some members of this Myb-like family were identified exclusively based on their ability to bind promoter regions of certain genes: ZmIBP1 ([@B123]), PcBPF-1 (box P-binding factor) from *P. crispum* ([@B39]) or CrBPF from *Catharanthus roseus* ([@B200]).

The third group with a Myb-like domain at the C-terminus (AID family) contains only a few members. The AID family is named according to anther indehiscence 1 (AID) protein from *O. sativa*---OsAID1 ([@B228]). OsAID1 was initially identified as being involved in anther development. Another member of this family---ZmTacs1 (terminal acidic SANT) from *Z. mays*---may function in chromatin remodeling within the meristem ([@B128]).

In an affinity pull-down technique, 80 proteins from *O. sativa* were identified for their ability to bind to a telomeric repeat ([@B81]). Among them, two of three previously reported proteins from the SMH family--OsTRBF1 and OsTRBF2 ([@B20]), and one protein with a Myb-domain at the C-terminus (AID family)---OsAID1 ([@B228]; [@B49]) were demonstrated, while no member with a Myb-domain at the C-terminus of the TRFL family could be found. From other ribonucleoproteins or RNA-binding proteins with putative telomere association, two homologs of *N. tabacum* telomeric ssDNA binding protein NtGTBP1 (Os08g0492100 and Os08g0320100), with RNA recognition motifs (RRM; see below; [@B117]), were also identified.

Telomere-binding proteins in budding yeast (yRap1) or in mammals (TRF1, TRF2, Rap1, and TIN2) are associated with extra-telomeric sequences and thus participate in additional roles, e.g., gene activation and repression, DNA replication, heterochromatin boundary-element formation, creation of hotspots for meiotic recombination and chromatin opening (**Figure [3A](#F3){ref-type="fig"}**; [@B136]; [@B180]; [@B107]; [@B225]; [@B130]; [@B178]; [@B214]; [@B124]; [@B218]).

### CST Complex

An evolutionary conserved trimeric protein complex named CST (Cdc13/CTC1--Stn1--Ten1) is, similarly to Myb-like proteins, involved in several stages of telomere end formation. In yeast, these OB-fold proteins are required for recruitment of telomerase and DNA polymerase α to the chromosomal termini, and thus coordinate G-overhang extension by telomerase with the fill-in synthesis of the complementary C-strand ([@B152]; [@B77]; [@B73]; [@B211]). In mammals, CST is primarily involved in the rescue of stalled replication forks at the telomere and elsewhere in the genome, and limits telomerase action at individual telomeres to approximately one binding and extension event per cell cycle (**Figure [2A](#F2){ref-type="fig"}**; [@B29]; [@B183]; [@B28]; [@B99]).

In *A. thaliana*, a mutation in any CST subunits leads to severe morphological defects and is accompanied by a decrease in telomere length, single-strand G-overhang elongation, mostly subtelomere--subtelomere chromosomal fusions and the appearance of extra-chromosomal telomeric circles. Plants lacking Suppressor of cdc thirteen homolog (AtStn1) or Conserved telomere maintenance component 1 (AtCTC1) exhibit no change in telomerase activity whereas telomerase activity was elevated in *atten1* mutants ([@B181]; [@B184]; [@B119]). Although circumstantial evidence indicates that CST in plants is needed for telomere integrity, clear evidence is absent that would show any direct physical interaction of any component of the CST complex with plant telomeric DNA. As *Arabidopsis* AtCTC1 interacts with the catalytic subunit of DNA polymerase α (ICU2) *in vitro* ([@B150]) and *atstn1* mutant phenotypes can be partially phenocopied by impairment of DNA polymerase α, it was recently suggested that seemingly specific function(s) of CST in telomere protection may rather represent unique requirements for efficient replication of telomeric DNA (**Figure [2B](#F2){ref-type="fig"}**; [@B44]). It seems that the CST complex controls access of telomerase, end-joining recombination and the ATR-dependent (ATM and Rad3-related) DNA damage response pathway at the chromosomal ends in wild-type plants ([@B16]; [@B119]; [@B3]).

Telomeric ssDNA-Associated Proteins
-----------------------------------

### Proteins with OB-fold

The telomeric G-rich overhang is evolutionarily conserved and is a substrate for ssDNA binding proteins. The majority of ssDNA binding proteins bind through OB motifs (OB-fold) and are required for both chromosomal end protection and regulation of telomere length, e.g., telomere-binding protein subunit alpha/beta (TEBPαβ) from *Oxytricha nova* (telomere end binding protein; [@B151]), Cell division cycle 13 (Cdc13p) from *S. cerevisiae* ([@B71]) and Pot1, are present in diverse organisms including human, mouse, chicken, or *S. pombe* (**Figure [2A](#F2){ref-type="fig"}**; [@B8]; [@B120]; [@B209]; [@B213]). In *A. thaliana*, three Pot-like proteins have been named AtPot1a, AtPot1b, AtPot1c ([@B108]; [@B162]; previously also named as AtPOT1-1, AtPOT1-2 ([@B192]) or AtPot1, AtPot2 ([@B177]; see [@B163] for an overview). However, descriptions of their functions and binding properties are not unanimously agreed. While a very weak, but specific affinity of AtPot1a and AtPot1b for plant telomeric ssDNA was originally described ([@B177]), later these authors could not demonstrate AtPot1a and AtPot1b binding to telomeric ssDNA *in vitro* ([@B173],[@B175]). Nevertheless, stable telomeric ssDNA binding was observed for two full-length plant Pot1 proteins: OlPot1 from the green alga *Ostreococcus lucimarinus* as well as for ZmPot1b from *Z. mays* ([@B175]). Although Pot1 proteins from plant species as diverse as *Hordeum vulgare* (HvPot1; barley), *Populus trichocarpa* (poplar), *Helianthus argophyllus* (sunflower), *Selaginella moellendorffii* (spikemoss), *Gossypium hirsutum* (cotton), *Pinus taeda* (pine), *Solanum tuberosum* (StPot1; potato), *Asparagus officinalis* and *Z. mays* (ZmPot1a) failed to bind telomeric DNA when expressed in a rabbit reticulocyte lysate expression system *in vitro* and subjected to an electrophoretic mobility shift assay ([@B175]), binding of plant Pot1 proteins to telomeric DNA under native conditions cannot be excluded. Plants expressing AtPot1a truncated by an N-terminal OB-fold, showed progressive loss of telomeric DNA. In contrast, telomere length was unperturbed in plants expressing analogously trimmed AtPot1b, although overexpression of C-terminally truncated AtPot1b resulted in telomere shortening ([@B177]).

AtPot1a binds AtStn1 and AtCTC1 proteins (**Figure [2B](#F2){ref-type="fig"}**; [@B157]), associates with an N-terminally spliced variant of AtTERT (AtTERT-V(I8)) ([@B162]), TER1, one of the RNA subunits of *Arabidopsis* telomerase, and is required for maintenance of telomere length *in vivo* ([@B185]). AtPot1b directly interacts with Myb-like proteins AtTRB1-3 from the SMH family ([@B168]), and associates with TER2 and TER2s, putative alternative RNA subunits of telomerase that negatively regulate the function of active telomerase particles (TER1-AtTERT; [@B31]). Nevertheless, AtPot1b does not seem to substantially contribute to telomere maintenance ([@B31]). Pot1-like proteins were also identified in plants with unusual telomeres (e.g., CpPot1 protein in *C. parqui*; [@B146]).

### Non-OB-fold Telomeric ssDNA Binding Proteins

The transcriptional activator protein Whirly 1 (Why1), from a small protein family found mainly in land plants ([@B46], [@B45]; [@B106]), was also identified in a fraction of telomere-binding proteins in *A. thaliana*, and an *atwhy1* knockout mutant appeared to have shorter telomeres ([@B219]). While proteins from *A. thaliana* (AtWhy1; [@B219]) and from *H. vulgare* (HvWhy1; [@B74]) were found to bind plant telomeric repeat sequences *in vitro*, diverse organelle localization of other Why family members from *O. sativa, A. thaliana, S. tuberosum* ([@B106]; [@B171]) and proposed binding to ssDNA of melted promoter regions ([@B45]), rather indicate a role in communication between plastid and nuclear genes encoding photosynthetic proteins ([@B62]; [@B33]).

A truncated derivative of chloroplast RNA-binding protein (AtCP31) with RRMs from *A. thaliana*, named AtSTEP1 (single-stranded telomere-binding protein 1), localizes exclusively to the nucleus, specifically binding single-stranded G-rich plant telomeric DNA sequences and inhibiting telomerase-mediated telomere extension ([@B109]).

A protein identified by gel mobility shift assay that specifically binds the G-strand of telomeric ssDNA from *N. tabacum* (NtGTBP1) also contains a tandem pair of RRMs ([@B85]). NtGTBP1 is not only associated with telomeric sequences, as well as two additional GTBP paralogs (NtGTBP2 and NtGTBP3), but also inhibits telomeric strand invasion *in vitro* and leaves of knockdown tobacco plants contained longer telomeres with frequent formation of extrachromosomal t-circles ([@B117]). These observations correspond to a previously detected protein from tobacco nuclei that binds G-rich telomeric strands and reduces accessibility to telomerase or terminal transferase ([@B66]).

In addition to the above described proteins, various telomeric ssDNA binding proteins have also been reported in nuclear extracts from *Glycine max, A. thaliana, O. sativa*, or *Vigna radiata* ([@B224]; [@B101]; [@B113]; [@B110]). However, precise characterization of these proteins, identified by gel mobility shift assay, is mostly missing.

DNA Repair Proteins and Telomeres
---------------------------------

Ku in plants, as well as in other eukaryotes, is a highly conserved complex, consisting of two polypeptides (Ku70 and Ku80; [@B133]). Due to its high affinity for DNA ends, Ku has a generally conserved role across species in protecting DNA from nucleolytic degradation. Ku is important for several cellular mechanisms: the DNA double-stranded break (DSB) repair pathway by the Ku-dependent non-homologous end-joining (NHEJ) pathway, the DNA damage response machinery, or protection of telomere ends from being recognized as DSBs, thereby preventing their recombination and degradation (reviewed in [@B59]). Human Ku directly interacts not only with the shelterin proteins hTRF1, hTRF2, and hRap1, but also with telomerase subunits hTERT and hTR (RNA template; reviewed in [@B59]). In contrast to a massive loss of telomeric DNA that was observed in human cells ([@B207]), mutations in Ku70 and Ku80 in the dicotyledonous *A. thaliana*, as well as in the monocotyledonous *O. sativa*, resulted in longer telomeres, suggesting their conserved role in the negative regulation of plant telomerase ([@B19]; [@B161]; [@B69]; [@B88]). On the other hand, severe developmental defects were observed in *O. sativa osku70* knockout mutants, but a similar mutation in *A. thaliana atku70* showed no effect on plant development ([@B19]; [@B88]). In *S. latifolia* and *A. thaliana*, Ku contributes to the integrity of blunt-ended telomeres by protecting them from nucleolytic resection ([@B100]). AtKu specifically interacts with AtTRP1 protein (see above; **Figure [2B](#F2){ref-type="fig"}**; [@B108]) and also assembles with TER2 and TER2~S~ into alternative telomerase complexes that cannot sustain telomere repeats on chromosomal ends ([@B31]).

The mammalian shelterin complex is involved in the repression of the primary signal transducers of DNA breakage, two phosphatidylinositol-3-kinase-like (PI3K) protein kinases: ataxia telangiectasia mutated (ATM) and ATM- and RAD3-related (ATR) kinases. Mice TRF2 acts mainly to protect telomeres against ATM activation ([@B21]) and POT1 is principally involved in repression of the ATR pathway ([@B42]; [@B78]). Short telomeres in telomerase-deficient plants activate both the AtATM and AtATR, whereas absence of members of the CST complex initiates only AtATR-dependent, but not AtATM-dependent DNA damage response ([@B2]; [@B16]). In mammals as well as in other organisms, DSBs activate ATM kinase in a manner dependent on the meiotic recombination 11 (Mre11), DNA repair protein 50 (Rad50), and Nijmegen breakage syndrome 1 (Nbs1) named MRN complex. The MRN complex has been found to associate with telomeres and contributes to their maintenance (reviewed in [@B111]). *A. thaliana* AtRad50 mutant plant cells show a progressive shortening of telomeric DNA ([@B70]), while in AtMre11 mutant plants, telomere lengthening was observed ([@B18]). Contrary to these observations, the absence of the third MRN subunit, AtNbs1, does not affect the length of telomeres ([@B138]).

*A. thaliana* plants mutated in XPF (xeroderma pigmentosum group F-complementing) and ERCC1 (excision repair cross-complementation group 1) orthologs that form a structure-specific endonuclease essential for nucleotide excision repair (known as AtRad1 and AtERCC1), develop normally and show wild-type telomere length. However, in the absence of telomerase, mutations in either of these genes induce a significantly earlier onset of chromosomal instability, thus indicating a protective role of AtERCC1/AtRad1 against a 3′ G-strand overhang invasion of interstitial telomeric repeats ([@B201]). In addition to the Ku proteins that are involved in Ku-dependent NHEJ, an alternative Ku-independent NHEJ pathway was described (reviewed in [@B41]). Members of the poly(ADP-ribose) polymerase family play a role not only in the base excision repair pathway and the backup-NHEJ KU-independent pathway ([@B41]) but were also studied in the context of telomere maintenance, association with shelterin proteins or modulation of telomerase activity ([@B179]; [@B34]; [@B11]). However, analysis of *Arabidopsis* orthologs AtPARP1/AtPARP2 (poly(ADP-Ribose) polymerase) has revealed that, unlike in humans, AtPARPs play a minor role in telomere biology ([@B15]). It was proposed that DSB repair pathways in *A. thaliana* are hierarchically organized and the Ku-dependent NHEJ restricts access and action of other DSB repair processes ([@B25], [@B24]). Furthermore the end-joining recombination proteins (AtKU80, AtXRCC1, AtRad1) restrict telomerase activity at deprotected telomeres ([@B3]). It was found recently that structure-specific endonucleases AtMUS81 (MMS and UV-sensitive protein 81) and AtSEND1 (single-strand DNA endonuclease 1), which presumably act to repair potentially toxic structures produced by DNA replication and recombination, are essential for telomere stability in *Arabidopsis*. Combined absence of these endonucleases results in increased occurrence of histone γ-H2AX foci in S-phase and in loss of telomeric DNA ([@B142]).

Plant Telomerase
================

Telomere length in plants and various other organisms is maintained by telomerase, a specialized reverse transcriptase which, in addition to its catalytic subunit (TERT), carries its own RNA template (TR) and elongates telomeric tracts at the chromosomal terminus ([@B14]; [@B53]).

TERT subunits consist of an N-terminal portion with telomerase-specific motifs important for binding the telomerase RNA subunit, catalytic domains with the telomerase reverse transcriptase (RT) motifs essential for enzyme activity, and the C-terminal extension, which is highly conserved among plants as well as vertebrates ([@B186]). Although most eukaryotes harbor only a single TERT gene, in the allotetraploid *N. tabacum* there are three NtTERT gene variants inherited from its diploid progenitor species *N. sylvestris* and *Nicotiana tomentosiformis.* All three NtTERT gene variants are transcribed.

Alternative splicing provides a major source of protein diversity within a given organism. Alternatively spliced variants of TERT transcripts with out-of-frame and/or in-frame mutations were identified not only in humans, mouse, chicken, or *Xenopus* (reviewed in [@B90]), but also in many plant species, e.g., *A. thaliana, Z. mays* (ZmTERT), *O. sativa* (OsTERT), *Iris tectorum*, and tobacco \[with human-type (TTAGGG) telomere motif; reviewed in [@B186]; [@B187]\]. Isoforms generated by alternative splicing may show changes or loss of specific function(s) or subcellular localization of the respective product, or could be functionally important, as was suggested for the *A. thaliana* variant AtTERT V(I8) that exclusively interacts with AtPot1a ([@B162]).

It has been proposed that human telomerase is subjected to posttranslational regulation such as phosphorylation ([@B96]). Putative phosphorylation sites were detected in the OsTERT sequences from *O. sativa* ([@B141]) or *N. tabacum* BY-2 cells ([@B215]) but not in AtTERT from *A. thaliana* ([@B141]).

Telomerase-Associated Proteins
------------------------------

Rich protein interactomes of yeast, mammalian or *Ciliate* TERT have been described, including the Ku heterodimer ([@B23]), HSP90 (heat-shock protein of 90 kDa; [@B87]; [@B75]), ATPases pontin and reptin ([@B203]), TEP1 (telomere protein 1; [@B79]), and many others, in a broad study ([@B64]) and reviewed in a constantly updated telomerase database ([@B149]).

In AtTERT, a mitochondrial targeting signal, multiple nuclear localization signals or a nuclear export signal have been reported ([@B222]). As AtTERT protein and its domains localize mainly within the nucleus and the nucleolus ([@B222]), it can be assumed that most interacting protein partners relevant to telomeric functions will be found among nuclear or nucleolar proteins.

In plants, a limited number of proteins that directly interact with TERT have been described. It was demonstrated by various direct methods that AtTRB proteins, a group of plant homologs of human TRF proteins with a Myb-domain at the N-terminus (see above), physically interact with N-terminal domains of AtTERT (**Figure [2B](#F2){ref-type="fig"}**; [@B169]). A mediated interaction between AtTRP1 protein that belongs to the TRFL family, and AtTERT, was also observed ([@B169]). Moreover, the N-terminal part of AtTERT exclusively interacts with AtPot1a but not AtPot1b ([@B162]). Also various proteins with an RRM-motif (AtRRM), an ARM-motif (armadillo/β-catenin-like repeat-containing protein; AtARM), metallothionein-like (AtMT2A), or RNA-binding (AtG2p) motifs were found as AtTERT interacting partners in *A. thaliana* ([@B114]; [@B47]).

Indirect regulation of TERT by various proteins or hormones was further described in plants. In tobacco cell culture, phytohormones such as auxin or abscisic acid regulate phosphorylation of telomerase protein, which is required for the generation of a functional telomerase complex ([@B191]; [@B215]). In *A. thaliana*, reduced endogenous concentrations of auxin in telomerase activator 1 (AtTAC1) mutant plants blocks the ability of this zinc-finger protein to induce AtTERT. However, AtTAC1 does not directly bind the AtTERT promoter ([@B155], [@B156]). A minimal promoter region for AtTERT was proposed using a set of T-insertion mutant lines in the protein-coding region of the *AtTERT* gene or in lines with insertions at the 5′ end of *AtTERT* ([@B60]). Moreover T-DNA insertions in the region upstream of the ATG start of *AtTERT* also led to the activation of putative regulatory elements ([@B60]).

In vertebrates, only one TR per organism was described. The folding of the TR molecule offers interaction sites for various associating cofactors such as dyskerin, Ku, nucleolar protein 10 (NOP10), H/ACA ribonucleoprotein complex subunit 1 (GAR1), or subunit 2 (NHP2; [@B195]; for review, see [@B102]). A single TR was also described among Brassicaceae family plants. However, in *A. thaliana*, two TRs were detected---TER1 and TER2, and the latter may be alternately spliced to a TER2s form ([@B9]). The *Arabidopsis* homolog of human dyskerin, named AtCBF5 (alias AtNAP57), is located within nucleoli and Cajal bodies ([@B121]), associates with active telomerase, and weakly with AtPOT1a, but not AtTERT or AtKu70 ([@B97]).

Telomerase-Independent Processes in Plant Telomere Dynamics
-----------------------------------------------------------

Compared to the human model, knowledge of individual protein contributions to the maintenance of telomere length/ accessibility/folding in plants or telomerase biogenesis/regulation is still very limited. The process of telomere maintenance is complicated by the fact that besides the widespread system of telomere maintenance by telomerase ([@B53]; [@B83]) in plants as well as in other organisms, in the absence of telomerase, telomeres can be elongated by recombination-dependent and telomerase-independent alternative telomere lengthening (ALT) mechanisms ([@B55]). Moreover, in plants, the ALT events appear to participate in early plant development ([@B164]). It was shown that AtKu70 deficiency facilitates engagement of ALT lengthening in *A. thaliana* ([@B223]) and that ALT was suppressed in the absence of ATM protein ([@B204]).

Telomeric DNA of higher eukaryotes, including plants, is associated not only with specific proteins, but also with histone complexes that form nucleosomes (**Figure [2](#F2){ref-type="fig"}**; reviewed in [@B50]). In various organisms, as well as in plants, telomeric nucleosomes display an unusually short periodicity (157 bp in length), usually 20--40 bp shorter than bulk nucleosomes of the corresponding organism ([@B54]; [@B56]; reviewed in [@B148]). Moreover, the plant telomeric repeat (CCCTAAA) is a natural target for plant-specific asymmetric methylation ([@B32]) that was shown to be mediated by an siRNA pathway ([@B205]). Analysis of telomeres in *A. thaliana* ([@B205]) and *N. tabacum* ([@B126]) has demonstrated that telomeric histones were associated with both heterochromatin- and euchromatin-specific marks. Recent data strongly support the involvement of various epigenetic mechanisms (DNA methylation, posttranslational modifications of histones, nucleosome assembly or levels of telomere-repeat containing RNA) in maintenance of telomere stability (reviewed in [@B50]) thus demonstrating complexity of telomere regulation.

Conclusion
==========

The need for protection of chromosomal termini remains conserved across most species. Nevertheless, an extraordinary plasticity of mechanisms protecting telomeres has been described among various organisms (reviewed in [@B72]). While individual capping proteins can differ greatly, common features such as homologous binding domains, structures, or interacting partners exist between seemingly different capping systems. Plant systems show certain distinct features of telomere maintenance, including the reversible regulation of telomerase in somatic cells and the absence of developmental telomere shortening ([@B52]; [@B159]). These distinctions promote further efforts to elucidate plant telomere interactomes. Only recently the first complexes of telomere-binding proteins were demonstrated and meanwhile it seems that the plant telomere-maintenance system shares similarities with that described in mammals. For example, in *A. thaliana*, one of the most studied plant model systems: (i) the core plant telomeric dsDNA binding proteins (AtTRBs, AtTRP, etc.) contain similar Myb-domains which are also present in human TRF1 or TRF2 proteins; (ii) homologs of human telomeric ssDNA binding hPot1 (AtPOT1a-c) were described; (iii) cross-species conserved CST complexes (AtCTC1/AtTen1/AtStn1) retain its function in plants. The similarities between plant and mammalian telomeric DNA-associated proteins apply also to their roles in regulation of gene expression, which are independent of their roles in telomere capping ([@B115]; [@B170]; [@B227]), as was previously described in their mammalian counterparts (reviewed in [@B124]; [@B218]). Elucidation of the composition of the plant version of shelterin and molecular dissection of its components and their roles will be important in the near future to assess the conservation and mechanisms of end-protection and end-replication processes in yeasts, plants and animals.
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